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Mutations in the AR are frequently found in re- 
lapsed prostate cancers, some of which permit 
antiandrogens as well as nonandrogenic com- 
pounds to function as androgens. However, the 
molecular mechanism(s) by which these mutations 
enable this aberrant AR pharmacology is still un- 
known. To explore this issue, we used a series of 
LxxLL-containing peptides (L, leucine; x, any amino 
acid) to probe the conformation of the AF-2/coac- 
tivator binding pocket of AR and AR mutants when 
complexed with different ligands. We have identi- 
fied in a previous study two peptides that bind to 
the wild-type AR in an agonist-dependent manner. 
Interestingly, we found these same peptides also 
interacted with several AR variants that are fre- 
quently found in antihormone refractory prostate 
cancers, in the presence of either androgens or 
antiandrogens. This suggests that the agonist ac- 
tivity of antiandrogens and other physiologically 
relevant ligands occurs because they, in the back- 
ground of these mutations, allow AR-AF2 to adopt 
an active conformation. Initially, this result ap- 



peared to contradict the findings of others that 
suggest that coactivator binding to AR-AF2 is not 
required for AR activity. In probing this paradox 
further, however, we determined that the role of 
AR-AF2 appears to be to stabilize the overall struc- 
ture of the receptor, allowing the amino terminus to 
interact with appropriate coactivators. This con- 
clusion is supported by our finding that overex- 
pression of the AF2-binding peptides blocks the 
interaction between the amino and carboxyl 
termini of AR but does not attenuate AR transcrip- 
tional activity. This can be explained by the fact 
that overexpression of the LxxLL-containing pep- 
tide or the amino terminus of AR appears to have a 
similar effect on the AR-ligand binding domain, as 
both have the ability to stabilize agonist binding by 
decreasing ligand off-rate. Thus, we believe that 
resistance in certain prostate cancers occurs as a 
consequence of receptor mutations that enable 
antagonist-and/or nonclassical ligand-bound AR 
to present a wild-type-like AF-2 conformation. 
{Molecular Endocrinology 16: 647-660, 2002) 



THE AR belongs to the nuclear hormone receptor 
superfamily of ligand-activated transcription fac- 
tors that modulate diverse biological functions in re- 
sponse to either endogenous or exogenous stimuli (1, 
2). Members of this gene family share sequence ho- 
mologies and exhibit similar modular domain struc- 
tures (3-5). Nuclear receptors contain a carboxyl- 
terminal ligand-binding domain (LBD) that allows them 
to bind their cognate ligands, and a central DNA bind- 
ing region (DBD) that permits their interaction with 
specific DNA sequences located within the promoter 
regions of the target genes that they regulate. In most 
receptors, the LBD also harbors a transactivation 
function domain (AF-2), a key protein-protein interac- 
tion module that allows these receptors to direct the 
assembly of multiprotein transcription complexes at 
target genes. Those receptors that bind with high af- 
finity to steroid hormones such as androgens, estro- 
gens, glucocorticoids, mineralcorticoids, and proges- 
tins, also contain at least one additional activation 

Abbreviations: AF-1, Activation function-1; DBD, DNA 
binding region; DHT, 5a-dihydrotestosterone; GRIP-1, glu- 
cocorticoid receptor interacting protein-1; L, leucine; LBD, 
ligand binding domain; OHF, hydroxyflutamide; SRC-1, ste- 
roid receptor coactivator- 1 ; x, any amino acid. 



function domain (AF-1) at the amino terminus of the 
receptor. The two AF domains in these receptors can 
either synergize or function independently to enable 
the regulation of gene transcription in a cell-type 
and/or tissue-specific manner (6-8). 

In the past few years, it has become clear that the 
nuclear receptors do not function alone and that the 
activities they manifest are the result of their ability to 
interact with other cellular coregulator proteins, coac- 
tivators, and corepressors (9-11). Structural and bio- 
chemical studies have determined that upon binding 
their cognate hormone, the AF-2 of the nuclear recep- 
tors undergoes an activating conformational change, 
enabling the receptor to interact with various coacti- 
vators (12, 13). Most of the validated coactivators con- 
tain a leucine-rich LxxLL-motif (L, leucine; and x, any 
amino acid) that mediates their interactions with the 
receptor AF-2 (14). Crystallographic studies using the 
ERa as a model revealed that when ER is activated by 
an agonist, the LxxLL-motif from the coactivator 
GRIP-1 (glucocorticoid receptor interacting protein-1) 
binds in a hydrophobic surface atop the ligand-bind- 
ing pocket (12). It appears that most receptors have 
evolved to utilize this hydrophobic surface as a major 
docking site for coactivators, and not surprisingly mu- 
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tations of residues that line this hydrophobic pocket 
generally render the receptor transcriptionally inactive. 
Similarly, changing the conserved leucine residues in 
the LxxLL-motif into alanine in the known coactivators 
abrogates their ability to interact and potentiate recep- 
tor activity. Indeed, the LBD (containing the AF-2) of 
most receptors when tethered to DNA is able to induce 
reporter gene transcription in an agonist-dependent 
manner, for it in itself is capable of recruiting the 
LxxLL-containing coactivators. With that being said, 
some of these coactivators have been shown to inter- 
act with multiple sites on the receptor. SRC-1 (steroid 
receptor coactivator-1) and GRIP-1, for example, can 
interact with both the AF-1 and AF-2 of PR and ER 
using different regions of the protein (15-17). The 
physiological significance of the alternate contact 
points between receptor and coactivators remains to 
be determined. 

In contrast to other nuclear receptors, the AR-LBD 
when expressed alone manifests minimal transcrip- 
tional activity. Although the full-length AR has been 
shown to interact also with SRC-1 and GRIP-1, unlike 
their interaction with other nuclear receptors, the 
LxxLL-motif in these coactivators appears not to be 
sufficient for these interactions (8, 18, 19). In addition, 
it has also been reported that the C terminus of the 
p160s can interact and potentiate the AR AF-1 (20, 
21). It is believed therefore that AR may have unique 
coactivator binding characteristics. Various AR-inter- 
acting proteins have been identified by yeast two- 
hybrid screens using different AR fragments as bait, 
including ARA70, ARA54, ARA55, ARA24, ARA160, 
FHL-2, ARIP3, ARIP4, etc. (22-28). These proteins 
bind to different regions of AR and when over- 
expressed in cells potentiate AR activity. The physio- 
logical significance and the detailed mechanisms of 
action of these proteins, however, remains to be 
determined. 

Protein-protein interactions govern almost all bio- 
logical processes, including activation and repression 
by nuclear receptors. Not surprisingly, analysis of the 
ligand-induced structural alterations in the receptor, 
and how they influence its ability to interact with co- 
modulators, has become one of the most important 
areas in the study of receptor pharmacology. Crystal- 
lographic studies of the ER-LBD suggest that the con- 
formational changes which occur upon agonist bind- 
ing permit the docking of the coactivators through 
their LxxLL motifs (12, 29, 30). Upon antagonist bind- 
ing, on the other hand, receptor conformation is al- 
tered so that the helix- 12 of the LBD is repositioned to 
occupy the coactivator-binding pocket, thereby block- 
ing the access of coactivators. These studies provide 
a structural basis for the agonist and antagonist activ- 
ities of receptor ligands. The crystal structure of the 
agonist-bound AR-LBD is very similar to that of 
the other nuclear receptors (31). Still unpublished is 
the structure of antagonist-bound AR; therefore, the 
conformational differences between agonist- and an- 
tagonist-activated receptor, and the impact of these 



structural alterations on receptor function, are not 
known. In addition, many antiandrogen-resistant pros- 
tate tumors contain one or more mutations in the 
AR-LBD, which allows the receptor to manifest an 
aberrant ligand-specificity. For instance, mutation of 
the codon 877 from threonine to alanine permits this 
mutant AR to activate gene transcription in the pres- 
ence of hydroxyflutamide, an antagonist of the wild- 
type receptor (32, 33). The crystal structure of this 
mutant AR-LBD revealed that the replacement of thre- 
onine 877 with alanine enlarges the ligand binding 
pocket enabling the accommodation of the bulky side 
chains on the C17 of steroids (34). This may explain 
why this mutant receptor can bind to a variety of other 
hormones that normally do not interact with AR (31, 
34, 35). Clearly, conformational changes within the 
AR-LBD have a significant impact on receptor phar- 
macology. Without a structure of the antagonist- 
bound receptor, however, it is still unclear how a com- 
pound can switch from being an antagonist to an 
agonist, as has been observed on the AR/T877A 
mutant. 

In a previous study, we used a series of short pep- 
tides to probe ligand-induced conformational changes 
in ER (36-38). This peptide binding analysis comple- 
mented ongoing crystallographic studies and revealed 
that different ER ligands allow the presentation of dif- 
ferent protein-protein interaction surfaces on ER and 
facilitate the interaction of the receptor with different 
coregulatory proteins. Most importantly, this work also 
led to the discovery of at least one mechanism to 
explain how antiestrogen-resistant tumors may de- 
velop in breast cancers, where the tumor cells switch 
from recognizing antiestrogens as antagonists to ago- 
nists. In this current study, we present data using a 
similar approach to the study of mechanisms underlying 
agonist/antagonist activities of AR-ligands, a first step in 
the development of new antiandrogens for the treatment 
of prostate cancer and other endocrinopathies. 



RESULTS 

Probing AR Conformation Using LxxLL- 
Containing Peptides 

In a previous study, we used phage display to assess 
ligand-induced structural changes within the ER and 
identified several peptide probes whose binding to the 
receptor is conformation sensitive (36, 38, 39). Some 
of these peptides contain an LxxLL-motif and recog- 
nize agonist-activated ER but not that activated by 
antagonists. Because these peptides were found to be 
capable of interacting with several other nuclear re- 
ceptors, we wished to determine if any of them could 
be used to recognize the active conformation of the 
AR. We found only two peptides, D1 1 and D30, that 
were capable of interacting with AR in the presence of 
the agonist 5a-dihydrotestosterone (DHT). In the cur- 
rent study, we characterized these peptides further 
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and assessed the interaction of AR with each peptide 
in the presence of either the agonist DHT, or two 
different antagonists: hydroxyflutamide (OHF) and bi- 
calutamide. A mammalian two-hybrid assay was per- 
formed to evaluate the interactions between AR and all 
of the LxxLL-containing peptides identified previously 
(38, 40). For this assay we expressed each peptide as 
a Gal4-DBD fusion and used a modified AR, VP16-AR, 
in which the acidic VP1 6 activation domain was cloned 
onto the extreme amino terminus of AR. Interactions 
between AR and the peptides were detected by mea- 
suring the expression of a luciferase reporter gene 
containing five copies of the Gal4-response element. 
The results of a representative analysis are shown in 
Fig. 1. While these ERa- and/or ERp-interacting pep- 
tides were shown to interact with multiple other nu- 
clear receptors (38, 40), we were able to identify only 



two peptides (D11 and D30) that could interact with 
agonist-activated AR (Table 1). Interestingly, AR did 
not interact with the LxxLL-motifs contained within 
SRC-1 and GRIP-1 in this assay, in agreement with 
previous findings by other investigators (8, 18, 19). 
This indicated to us that the protein-protein interaction 
surfaces presented on AR are unusual and that the re- 
ceptor may regulate transcription using a distinct set of 
coactivators. Nevertheless, the D11 and D30 peptides 
specifically interacted with agonist- but not antagonist- 
activated AR, suggesting that these two peptides do 
indeed detect an active conformation of this receptor. 
Although the D11 and D30 peptides both contain an 
"SSRLxxLLM" motif, we do not know as yet which amino 
acids are required for AR-binding. Such an analysis has 
been confounded by the recent identification of another 
LxxLL peptide in our laboratory (LX23), which interacted 
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Fig. 1 . The T877A Mutation Permits Antiandrogen-Bound AR to Adopt a Conformation Similar to that of the Wild-Type Receptor 
Different LxxLL-motif containing peptides were fused to the Ga!4-DBD, and the full-length ARs (wild-type and the T877A 
mutant) were modified to include a VP1 6-activation domain at their amino termini. Interactions between peptides and AR were 
determined by measuring the expression of a reporter gene containing five copies of the Gal4-response elements. CV-1 cells were 
transfected with different peptide-Gal4DBD constructs together with either the VP16-ARwt or the VP16-AR/T877A expression 
plasm id, and reporter constructs 5xGal4Luc3 and pCMV-/3gal. After transfection, cells were treated with either vehicle control 
(NH), 100 nM DHT, 100 nM OHF, or 1 /am bicalutamide for 16 h. Luciferase activity was measured and normalized to the activity 
of the coexpressed )3-galactosidase. 
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Table 1 . The AR Interacts with Only a Small Subset of LxxLL-Containing Peptides 
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a The NR boxes from SRC-1 and GRIP-1 were not tested individually but as Gal4DBD fusion proteins containing all three NR 
boxes. The GRIP-1 construct contains amino acids 629-760 from GRIP-1 and the SRC-1 construct includes amino acids 621-765 
from SRC-1. 

b Amino acids 16-34 from the AR. 



with AR but, outside of the LxxLL motif, does not resem- 
ble D1 1 or D30 (Kimbrel, E., and D. P. McDonnell, per- 
sonal communication). 

Several AR mutations have been identified in meta- 
static prostate cancer which, in addition to being ac- 
tivated by androgens, can also be activated by non- 
androgenic compounds. For example, the AR/T877A 
mutant that contains an alanine at codon 877 instead 
of a threonine in the wild-type receptor, allows the 
antagonist OHF to function as an agonist (32, 33). This 
agonist/antagonist activity switch is considered to be 
one of the mechanisms by which some prostate tu- 
mors escape the inhibitory activity of antiandrogens. 
Similarly, resistance has been observed after treat- 
ment with the antiestrogen tamoxifen in breast cancer 
patients, where cancer cells switch from recognizing 



tamoxifen as an ER-antagonist to an agonist (41 , 42). 
In a previous study, we discovered that although the 
conformation of ER induced by binding to tamoxifen 
prevents its interaction with p160 coactivators, it en- 
ables the presentation of surfaces on the receptor that 
may be used to recruit other novel coactivators (36, 
39). We therefore proposed two scenarios that might 
explain the agonist/antagonist switch observed in 
prostate cancers that contains the T877A mutation. 
One possibility is that, analogous to the mechanism by 
which tamoxifen resistance arises in breast cancer, 
the T877A mutation may allow the OHF-bound AR to 
present a unique surface that permits its interaction 
with a coactivator with which it would not normally 
couple. The second possibility is that, in the back- 
ground of the T877A mutation, OHF-bound AR adopts 
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a conformation similar to that of the agonist-activated 
wild-type receptor. To distinguish between these two 
possibilities, we extended our use of peptide probes to 
an analysis of the conformation of the AR/T877A mu- 
tant in the presence of both DHT and OHF. Surpris- 
ingly, we found that OHF-activated AR/T877A inter- 
acted with the same peptides as agonist-bound AR 
(Fig. 1B). This result indicated to us that the agonist/ 
antagonist switch in AR/T877A could be explained by 
the fact that, in the background of this mutation, the 
OHF-occupied mutant AR adopts a conformation sim- 
ilar to that of agonist-activated wild-type receptor. 
Importantly, neither the wild-type nor the T877A mu- 
tant is recruited to the D1 1 and D30 peptides in the 
presence of bicalutamide, a compound that has been 
shown previously to function as a pure antagonist for 
both ARs. These results indicate that the D1 1 and D30 
peptides serve as sensitive probes that detect a re- 
ceptor conformation that is compatible with transcrip- 
tional activation. 



D11 and D30 Peptides Interact with the AR-LBD 

Previously, we found that all the LxxLL peptides used 
in this study, including D11 and D30, bind to the co- 
activator docking surface within the ER-LBD (38). 
There is, however, evidence suggesting that the LxxLL 
motifs present in coactivators SRC-1 and GRIP-1 are 
not important for the docking of these coactivators 
with AR (18, 43). In addition, our two-hybrid assay also 
showed that most LxxLL motifs, including those from 
GRIP-1 and SRC-1, do not interact with AR. We there- 
fore wished to determine if the D1 1 and D30 peptides 
function like other coactivator peptides and bind to the 
region within AR analogous to the coactivator binding 
pocket in other receptors. Using different fragments of 
AR in a mammalian two-hybrid assay, we determined 
that the DBD/LBD (AR507-919) fragment alone was 
sufficient for D30 (and D11, data not shown) binding 
(Fig. 2, B and C). In addition, truncation of the amino 
terminus did not influence peptide binding specificity 
because peptides that failed to bind the full-length AR 
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Fig. 2. The D30 Peptide Interacts with the LBD of AR 

A schematic diagram of the different AR fragments used is shown in A. CV-1 cells were transfected with different Gal4DBD- 
peptide fusion constructs and either the VP16-ARwt (B), or the VP16-AR507-919 (C), expression plasmids, together with the 
5xGal4Luc3 and pCMV-0gal reporters. After transfection, cells were treated with vehicle control or 100 nM DHT for 16 h and the 
luciferase and j8-galactosidase activities were determined. D, Different fragments of AR were in vitro translated and labeled with 
35 S-methionine. Bacterially expressed GST, GST-D30, and GST-C33 proteins were purified using glutathione-Sepharose beads, 
and equal amounts of these proteins were incubated with different in vitro translated AR fragments in the presence or absence 
of 1 DHT. Nonspecific binding was reduced by four washes with PBST. Proteins remaining bound to the beads were resolved 
by SDS-PAGE and detected by autoradiography. 1/10, One tenth of the total input protein. 
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were also unable to bind to the AR DBD-LBD. No 
interaction with the amino terminus (AR 1-660) was 
detectable in this assay (data not shown). Similar re- 
sults were obtained in a GST-pull-down assay. Using 
the D30 peptide fused to the GST protein, we con- 
firmed that all three constructs, the full length-AR, 
AR-DBD/LBD, and AR-LBD alone (AR624-919), but 
not the amino terminus of the receptor (AR1-660), 
interacted with the D30 peptide (Fig. 2D). Based on 
these data, we believe that the D30 peptide binds 
within the LBD of AR. 

The D30 Binding Surface Does Not Overlap with 
the AR: Coactivator Interaction Surface 

Because the binding site of the LxxLL peptides over- 
laps the coactivator docking surface on most of the 
nuclear receptors, it is not surprising that these pep- 
tides, when overexpressed in cells, competitively 
block coactivator recruitment and inhibit receptor 
transcriptional activity (38, 40). Because the D30 pep- 
tide interacts with AR in an agonist-dependent man- 
ner, we wished to determine if this peptide also binds 
at a site that coincides with or overlaps the coactiva- 
tor-binding surface on AR, In transfected CV-1 cells, 
therefore, we overexpressed a two-copy peptide con- 
struct, pM-2xD30, to see if it could disrupt AR tran- 
scriptional activity. A two-copy peptide was used be- 
cause we had previously determined that it is more 
efficient than a single-copy peptide in disrupting ER 
transcriptional activity (38). Because the D30 peptide 
also interacts with ER, we were not surprised to see 
that 2xD30 efficiently inhibited ER transcriptional ac- 
tivity when overexpressed in these cells. We were 
surprised, however, to find that the 2xD30 only mar- 
ginally inhibited AR activity when assayed on the 
MMTV-Luc reporter gene (Fig. 3). Overexpression of 
this peptide had very little, if any, effect on AR activity 
when different reporter constructs were used. Similar 
results were obtained using other cell lines (data not 
shown). We considered three possible explanations 
for these results. First, the surface on AR where D30 



interacts is not easily accessible when the receptor is 
DNA bound. Secondly, the D30 binding site on AR 
does not coincide with a coactivator binding surface; 
therefore, coactivator binding is not affected. Thirdly, it 
is possible that the D30 peptide may not have high 
enough affinity to compete with coactivators for bind- 
ing to AR. 

To investigate these possibilities, we first tested 
whether the conformation of the DNA-bound AR can 
still be recognized by the D30 peptide. A modified 
mammalian two-hybrid assay was used in which the 
expressed AR was allowed to interact with a reporter 
gene containing an AR response element and the D30 
peptide was made so as to contain a VP1 6 fusion at its 
amino terminus. Recruitment of the VP16-D30 fusion 
protein to AR would result in an increase of transcrip- 
tion from the reporter gene. We confirmed with this 
assay that the D30 peptide is capable of interacting 
with the DNA-bound AR (data not shown). This result 
suggests to us that either the D30 binding site on AR 
does not coincide with a coactivator-binding surface, 
therefore, coactivator binding is not affected, or that 
the D30 peptide may not have high enough affinity to 
compete with coactivators for binding to AR. 

The D30 Peptide and the Amino Terminus of AR 
Bind at Overlapping Surfaces on AR-LBD 

The findings of several studies from other investigators 
indicate that the amino and carboxyl termini of AR can 
interact (7, 1 8, 44). He et al. (45) have also shown 
recently that an LxxLL-like motif, FxxLF, located at the 
amino terminus of AR mediates this interaction. Con- 
sequently, we considered that the D11 and D30 pep- 
tides might be binding to the same surface as this 
FxxLF motif and therefore used a reconstituted AR 
transcription assay to address this possibility. In CV-1 
cells, the AR DBD-LBD (AR507-919) alone displayed 
minimal transcriptional activity even when DHT was 
added to the medium, confirming that the DBD-LBD 
itself does not recruit coactivators efficiently (Fig. 4A). 
Because the amino terminus of AR is able to interact 
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Fig. 3. The D30 Binding Surface on AR Does Not Overlap with that Required for Coactivator Binding 

CV-1 cetls were transfected with (A) MMTV-Luc, pCMV/3gal, and RS-AR or (B) C3-Luc, pCMVj3gal, and RST7-ER« in the 
presence of either pM, pM-2xD30 or pM-2xF6 as indicated. After transfection, cells were treated with either vehicle control or (A) 
100 nM DHT or (B) 100 pm E2 for 16 h. Luciferase activity was measured and normalized to the activity of the coexpressed 
j3-galactosidase. 
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Fig. 4. The D1 1 and D30 Peptides Bind at a Site in the AR-LBD that Overlaps or Coincides with the Site Where the NH2 Terminus 
Binds 

A, The AR-DBD/LBD alone has minimal transcriptional activity; coexpression of the AR1-501 (N terminus) restores ligand- 
dependent reporter gene activation. CV-1 cells were transfected with MMTV-Luc, pCMV-/3gal, and the AR-DBD/LBD expression 
plasmid pcDNA/AR507-919wt, together with a control vector or a vector expressing AR1-501. After transfection, cells were 
treated with vehicle control or 100 nM DHT for 16 h and then assayed for luciferase and )3-galactosidase activities. B, The D30 
and D1 1 peptides efficiently blocked the interaction between the amino terminus of AR and the AR-LBD. CV-1 cells were 
transfected with pcDNA/AR507-919wt, pcDNA/AR1-501, MMTV-Luc, and pCMV-0gal, together with plasmids expressing 
different Gal4DBD-peptide fusions. Cells were induced and assayed as in A. 



with the AR-LBD and is capable of recruiting coacti- 
vators on its own, coexpression with the DBD-LBD 
fragment AR1-501 restores DHT-induced reporter 
gene activity (Fig. 4A). To test if the D11 and D30 
peptides bind to the same surface on AR-LBD as the 
AR amino terminus, we overexpressed these peptides 
in the reconstituted system, and found that D11 and 
D30, but not other LxxLL-containing peptides, could 
interrupt the AR N/C termini interaction (Fig. 4B). We 
conclude, therefore, that the D11 and D30 peptides 
are binding to either the same or overlapping surfaces 
on LBD where the amino terminus of the receptor 
binds. 

it has been shown in the past that the interaction of 
the amino terminus of AR with the LBD could stabilize 
ligand binding to the receptor (46). Because the D30 
peptide appears to be binding at the same or overlap- 
ping site where the amino terminus of the receptor 
also binds, we wished to determine if the D30 peptide 



has the same effect of retaining the ligand in the li- 
gand-binding pocket. This was accomplished by mea- 
suring the dissociation rate of a nonmetabolizable 
ligand, R1 881, from AR (Fig. 5). The dissociation half- 
time (T1/2) of R1881 from full-length AR was approx- 
imately 124 min in our assay, and the T1/2 was short- 
ened to about 21 min when the AR507-919 was 
analyzed in a similar manner. Coexpression of the 
amino terminus of AR (AR1 -501) prolonged theT1/2 to 
about 47 min and coexpression of the 2xD30 had a 
similar effect. This result further confirms our theory 
that the D30 peptide is binding to the same surface on 
AR-LBD, where the amino terminus of AR also binds. 
In addition, it suggests that the D30 may serve the 
same purpose as the amino terminus of the receptor, 
that of stabilizing the ligand in its binding pocket. This 
result may also explain why overexpression of the D30 
peptide did not inhibit AR transcriptional activity be- 
cause it functions similarly to the AR N terminus in 
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Fig. 5. The D30 Peptide Functions Similarly to the Amino Terminus of AR in Stabilizing Ligand Binding in the AR-LBD 

CV-1 cells were transfected with expression plasmids for either 1) wild-type AR alone; 2) AR507-919 plus AR1-501; 3) 
AR507-919 plus Gal4DBD (pM); or 4) AR507-919 plus Gal4DBD-2xD30 (pM-2xD30). Twenty-four hours after transfection, cells 
were labeled with 5 hm of 3 H-R1 881 for 2 h and then a 1 0,000-fold excess of cold R1 881 was added at different time points. Cells 
were washed four times with PBS to remove nonspecific binding and then lysed for scintillation counting and protein concen- 
tration measurement. 



stabilizing ligand binding. Although we cannot totally 
rule out the possibility that the D30 peptide may not 
have high enough affinity to compete with coactivators 
for binding to AR, our data is most consistent with the 
hypothesis that the D30/AR interaction resembled 
more of the AR N/C termini interaction than of cofac- 
tor:AR interaction. 

Formation of a D30 Docking Site on AR Is 
Required for Agonist Activity 

Although the D30 binding surface within AR is not a 
coactivator docking site, we were intrigued by the fact 
that the D30 peptide appeared to recognize the tran- 
scriptionally competent AR conformation. We won- 
dered if formation of a D30 binding pocket on AR is 
required for it to manifest agonist activity and whether 
the D30:AR interaction indeed predicts AR transcrip- 
tional activity. To probe this hypothesis, we compared 
several agonists and antagonists of AR for their ability 
to induce reporter gene activation as well as the inter- 
action of AR with D30. The result of this assay is 
shown in Fig. 6. With MMTV-Luc as a reporter, only 
DHT was a full agonist for both wild-type AR and the 
AR/T877A mutant. OHF and RU486 had very little 
activity when wild-type AR was cotransfected; in con- 
trast, OHF efficiently induced MMTV-Luc expression 
in the presence of the T877A mutation (Fig. 6A). The 
ability of these compounds to activate reporter gene 
expression was compared in parallel with their ability 
to facilitate the D30:AR interaction (Fig. 6B). The full 
agonist DHT induced more than a 500-fold interaction 
between AR and the D30 peptide. RU486, although 
not as efficient as DHT, induced a 15- to 20-fold in- 
teraction between D30 and wild-type AR as well as the 
T877A AR, which parallels the weak agonist activity of 
this compound on both ARs. On the other hand, OHF, 
a potent activator of the T877A mutant but not the 
wild-type AR, also induced a robust interaction be- 
tween D30 and VP16-ART877A, but not the wild-type 
VP16-AR. 



Receptor activation, the process of converting AR 
from an inactive to a transcriptionally active form, re- 
quires nuclear translocation, receptor dimerization, 
DNA binding and recruitment of cofactor proteins. To 
assess which step requires the formation of a D30 
binding pocket, we first tested whether DNA binding 
can be achieved without the formation of this pocket. 
We fused both wild-type and T877A AR to VP16 to 
determine if the ability of compounds to deliver AR to 
DNA correlates with their ability to induce a D30 bind- 
ing pocket on AR. This analysis revealed that the wild- 
type AR activated by OHF was not delivered to DNA 
efficiently (Fig. 6C). In the presence of the T877A mu- 
tation, however, OHF-bound receptor was brought to 
the DNA as efficiently as that activated by DHT. Inter- 
estingly, while RU486 could efficiently deliver both 
AR-wt and AR/T877A to DNA, the RU486-bound AR 
was not recruited to the D30 peptide efficiently. This 
result suggests that the D30 binding pocket is not 
required for AR to translocate, dimerize, and bind to 
DNA, but rather is required for events downstream of 
DNA binding. We have also tested a number of other 
AR agonists and antagonists (47), and the results con- 
firm that the ability of a compound to induce a D30 
binding surface on AR correlates very well with tran- 
scriptional activation. 

Because we have been able to show that the D30 
peptide and the amino terminus of AR compete for 
binding to the same site on the AR-LBD, we tested 
whether the AR N-/C-interaction also tracks with tran- 
scriptional activation. We found that the AR amino 
terminus (AR1 -501) could be recruited to the AR-DBD/ 
LBD fragment (AR507-919) only when the LBD is in an 
active conformation, the same conformation that per- 
mits the D30 peptide to bind (Fig. 6D). Similar results 
were also obtained using Gal4DBD-fusions containing 
the first FxxLF motif in the AR NH2-terminal domain 
f 3 FQNLF 27 ) (data not shown). This result suggests 
that although the AR-LBD is not directly involved in 
recruiting coactivators, it contributes to shaping a con- 
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Fig. 6. The Formation of a D30-Binding Pocket on AR Is Required for Its Transcriptional Activity 

A reporter gene assay was used to analyze the agonist or antagonist activity of AR ligands. CV-1 cells were transfected with 
either wild-type orT877A mutant AR expression plasmids, RS-ARwt and RS-AR/T877A, respectively; MMTV-Luc and pCMV-/3gal 
were used as reporter constructs in this assay. B, The mammalian two-hybrid assay was performed to determine the ability of 
ligand-AR complexes to recruit the D30 peptide. CV-1 cells were transfected with 5xGal4Luc3, pCMV-/3gal and pM-30, together 
with either VP16-ARwt or VP1 6-AR/T877A. C, The ARwt and AR/T877A were expressed as fusion proteins to the VP16-acidic 
activation domain to bypass the need for AR-spectfic coactivators required for gene transcription, allowing the assessment of the 
ability of ligands to deliver receptors to DNA. CV-1 cells were transfected with pVP16-ARwt or pVP1 6-AR/T877A together with 
MMTV-Luc and pCMV-/3gal. D, The ability of ligand-AR/LBD complexes to recruit the amino terminus of AR was analyzed. CV-1 
cells were transfected with MMTV-Luc, pCMV-/3gal and pcDNA-AR 1-501, together with either pcDNA-AR507-919wt or pcDNA- 
AR507-919/T877A. After transfection, cells were treated with either vehicle alone (NH), 100 nM DHT, 100 nM OHF, or 100 nM 
RU486 as indicated for 16 h before the luciferase and j3-galactosidase activities were determined. 



formation that is required for AR transcriptional activ- 
ity. Interestingly, the N/C interaction did not predict the 
partial agonist activity of RU486 because no N/C in- 
teraction was observed in the presence of RU486 (Fig. 
6D). This result indicates that the D30/AR interaction 
may be a more sensitive and/or accurate predictor of 
AR transcriptional activation. 

Several missense mutations have been identified in 
prostate cancers that appear to increase the agonist 
efficacy of some androgenic and nonandrogenic li- 
gands. Therefore, we next evaluated whether muta- 
tions in the LBD, outside the AF-2 domain, would 
behave like the T877A mutant and permit the receptor 
to adopt an active conformation in the presence of a 
wide variety of ligands. The majority of AR mutations 
found in prostate cancers are located between codons 
670-678, 701-730 (signature sequence), and 874-910 
(48). Based on homology modeling, the residues 668- 
671 do not contribute directly to ligand binding and are 
positioned away from the ligand binding pocket (49), 
which suggests that mutations in this region are less 
likely to influence the binding of the D30 peptide. We 
therefore decided to focus our analysis on AR muta- 



tions found in the latter two regions. The L701H mu- 
tant has a reduced sensitivity to the natural ligand 
DHT; however, it can be activated by physiological 
concentrations of Cortisol (50). As shown in Fig. 7, A 
and B, the D30 peptide indeed interacted less effi- 
ciently with the DHT-activated L701H receptor but 
gains the ability to interact with this AR variant in the 
presence of 10 nM Cortisol. Another mutation in the 
signature sequence region, V715M, was shown to 
have an increased response to progesterone, an- 
drosterone, and a number of other endogenous hor- 
mones (51, 52). In our analysis, we found that the 
AR-V715M also recruited the D30 peptide more effi- 
ciently in the presence of these ligands (Fig. 7, C and 
D). In addition to the T877A mutation, another AR 
variant, H874Y, also contained within the region flank- 
ing AF2 (codons 874-910), was found to recognize E2 
and hydroxyflutamide as AR agonists (53, 54). In our 
analysis, we found that the same D30-binding pocket 
was also formed on the surface of this mutant AR in 
the presence of these ligands. A full dose-response 
curve of various ligands used in these analyses 
(10" 12 -10" 6 m) was also performed to ensure that the 
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Fig. 7. The D30-Peptide Predicts the Transcriptionally Active Conformation of Various Mutant ARs 

A, C, and E, CV-1 cells were transfected with either wild-type or mutant AR expression plasmids, MMTV-Luc and pCMV-j3gal. 
B, D, and F t CV-1 cells were transfected with 5xGal4Luc3, pCMV-0gal and pM-30, together with either VP 16-ARwt or VP16-AR 
mutants. After transfection, cells were treated with either 0.1 nw DHT, 100 nM OHF, 1 nM progesterone (P), 1 nM 1 7/3-estradiol (E2), 
10 nM Cortisol, or 100 nM androsterone as indicated for 16 h before the luciferase and 0-galactosidase activities were determined. 



observed phenotype of the cloned mutants reflected 
that which has been published previously (data not 
shown). We concluded, therefore, that regardless of 
the class of mutations, that gain of function phenotype 
of AR-LBD variants tracks with the acquisition of the 
ability of AR to adopt an active AF-2 conformation. 



DISCUSSION 

In this study, we analyzed the ligand-induced struc- 
tural changes in AR using peptide probes, and found 



two peptides, D1 1 and D30, which detect a confor- 
mation of AR that is compatible with transcriptional 
activation. Upon binding an agonist, the LBD of most 
nuclear receptors adopts an active conformation 
which allows the presentation of a coactivator binding 
pocket, permitting the docking of coactivator proteins 
via a helical LxxLL motif (12-14). We have demon- 
strated in this report that in the presence of an acti- 
vating ligand, the AR-LBD undergoes a similar confor- 
mational change, allowing the docking of an LxxLL 
motif contained within the D11 and D30 peptides. 
While we and others have shown previously that dif- 
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ferent receptors have distinct LxxLL motif preferences 
(38, 55), it is noteworthy that AR appears to be one of 
the most selective, for it interacts with only a very 
limited subset of LxxLL sequences. Furthermore, al- 
though the docking site for these LxxLL peptides in 
other nuclear receptors is used to recruit coactivators, 
the analogous region in AR appears to have a different 
function. Our data agree with previous findings by 
other investigators that the AR-LBD utilizes this sur- 
face to couple with its own amino terminus (44, 45). 
This interaction slows down the dissociation of ligand 
from the LBD, maintains the receptor in an active 
conformation, and thus may allow a more efficient 
recruitment of coactivators and the subsequent target 
gene transcription. 

Langley et al. (44) have shown previously that the 
OHF binding induced conformational changes within 
the T877A mutant but not the wild-type AR-LBD, 
which permitted its interaction with the NH2 terminus 
of the receptor and that correlated with the activation 
of this mutant receptor by OHF (44). He et ai (45) have 
also identified an LxxLL-like motif, FxxLF, located 
within the amino terminus of AR that appears to be 
responsible for docking the amino terminus of AR to 
the LBD. Consistent with these data, our results using 
combinatorial peptide approach have reached the 
same conclusion and reinforced the hypothesis that 
the interaction between the amino and carboxyl 
termini of AR may be required for its transcriptional 
activity. Our peptide probes appear to have higher 
sensitivity when compared with the other assays since 
the partial agonist activity of RU486 is only detected 
by the D30 peptide but not the N-/C-interaction as- 
says (Fig. 6D). In addition to the ligands examined in 
this study, we have also tested a large number of other 
compounds (Ref. 47 and data not shown). All of the 
results obtained confirm that AR transcriptional activ- 
ity can be accurately predicted by assaying either the 
AR N/C termini interaction or the recruitment of 
VP16-AR to the D30 peptide and that the peptide 
approach is always the more sensitive of the two 
assays. 

Several factors that appear to contribute to the de- 
velopment of antiestrogen resistance in breast can- 
cers have been identified, including amplification of 
coactivators, down-regulation of corepressors, and 
ectopic interactions of ER with cofactor proteins (39, 
56-58). We found that the T877A mutation allows AR 
to adopt an active conformation regardless of whether 
it is bound by an agonist or antagonist. Because this 
same active conformation is found in the agonist- 
bound wild-type AR, it suggests that the consequence 
of this amino acid change may be to allow mutant AR 
to appear as a wild-type receptor in target cells. Sim- 
ilarly, the L701H, V715M, and H874Y AR mutants also 
appeared to function in the same manner by allowing 
these AR variants to function like wild-type AR in the 
presence of nonclassical AR ligands. It has been ob- 
served that AR mutations occur at a higher frequency 
in advanced prostate cancers compared with early 



stage tumors (59-61). All current hormonal manipula- 
tions focus on controlling the access of androgens to 
their cellular receptor, either through elimination of 
androgens in the circulation or by using an antagonist 
to compete for their binding to AR. In view of the high 
frequency of AR mutations identified in advanced can- 
cers, we think that these manipulations will all fail 
ultimately. A more promising approach would be to 
develop drugs that target different sites on AR. Based 
on our theory that the AR amino and carboxyl termini 
interaction is required for its transcriptional activity, we 
believe that a peptide or a small molecule that can 
target the disruption of this interaction would be useful 
as a therapy for the treatment of antiandrogen refrac- 
tory prostate tumors. In addition, if the consequence 
of all AR mutations is to allow the presentation of the 
same active conformation, it would suggest that both 
the mutant and wild-type AR may use the same sur- 
face to recruit coactivators. Consequently, targeting 
the interaction between AR and the coactivator(s) re- 
quired for its transcriptional activity has the potential of 
being an effective therapy for the treatment of meta- 
static prostate cancers. 



MATERIALS AND METHODS 



Reagents and Plasmids 

The RS-AR and VP16-AR were gifts from K. Marschke (Li- 
gand Pharmaceuticals, Inc., San Diego, CA) and the plasmids 
expressing the AR mutants were generated using the Quick- 
Change site directed mutagenesis kit (Stratagene, La Jolla, 
CA). The 5xGal4Luc3, MMTV-Luc, and pM-peptide plasmids 
were described previously (38, 62). VP16-AR507-919, VP16- 
AR624-919, VP16-AR1-660, pcDNA-ARwt, pcDNA-AR507- 
919, pcDNA-AR624-919, pcDNA-AR 1-660, pcDNA-AR1- 
501 and pM-AR624~-919 were generated using PCR 
amplified AR fragments, and were subcloned into pVP16 ( 
pcDNA3 and pM vectors (CLONTECH Laboratories, Inc., 
Palo Alto, CA, and Invitrogen, Carlsbad, CA). The pVP16- 
2xD30 and pM-2xD30 plasmids were made in a similar fash- 
ion as described before (38), in which two copies of the D30 
peptide were fused to the VP1 6 acidic activation domain and 
Gal4-DBD, respectively. The GST-D30 plasm id was made by 
subcloning the D30 peptide into the pGex-6p1 vector (Am- 
ersham Pharmacia Biotech, Piscataway, NJ). All the cell cul- 
ture media and supplements were purchased from Life Tech- 
nologies, Inc. (Grand Island, NY). CV-1 cells were obtained 
from ATCC (Manassas, VA). R1881 and 3 H-R1881 were ob- 
tained from NEN Life Science Products (Boston, MA). DHT 
was purchased from Sigma (St. Louis, MO). Hydroxyflut- 
amide and bicalutamide were gifts from K. Gaido (CUT, Re- 
search Triangle Park, NC) and Nobex, Inc. (Research Triangle 
Park, NC). 



Cell Culture and Transfection 

Monkey kidney CV-1 cells were grown in minimum essential 
medium plus 8% fetal bovine serum, essential amino acids 
and sodium pyruvate. Lipofectin-mediated transfection was 
performed essentially as described (38). Hormones were 
added after cells recovered from transfection and then all 
were incubated for 16 h before assaying. Luciferase and 
j3-galactosidase activities were determined as described (38). 
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GST Pull-Down 

Different fragments of AR were in vitro translated using 
pcDNA-ARwt, pcDNA-AR507-919, pcDNA-AR624-919, 
and pcDNA-AR1-660 as templates and the TNT-rabbit 
reticulocyte lysate system (Promega Corp., Madison, Wl) in 
the presence of 35 S-methionine (Amersham Pharmacia 
Biotech). GST and GST-D30 proteins were expressed in 
Escherichia coli BL21 cells and purified using glutathione- 
Sepharose (Amersham Pharmacia Biotech). Sepharose 
beads containing equal amounts of GST or GST-D30 pro- 
tein were incubated with in vitro translated AR fragments, 
in the presence or absence of 1 jxm DHT overnight at 4 C. 
The beads were washed 4 times with PBST (PBS contain- 
ing 0.1% Triton X-100), and proteins remaining bound to 
the beads were analyzed by SDS-PAGE and visualized 
with autoradiography. 

Measurement of Dissociation Rates 

CV-1 cells were seeded in 24-well plates and transfected 
overnight with different combinations of plasmids as indi- 
cated in the figure legend. Transfections were stopped by 
replacing the transfection mix with phenol-red free medium 
containing 8% charcoal-stripped FBS, and incubating 
overnight. For dissociation rate measurement, cells were 
labeled with 5 nM 3 H~R1 881 for 2 h, and 1 0,000-fold excess 
of cold R1881 was added at different time points. Nonspe- 
cific binding was determined from cells that were treated 
with 5 nM 3 H-R1881 in the presence of 10,000-fold excess 
of cold R1881. The reactions were stopped by washing 
cells three times with PBS. Cells were dissolved in 200 jul 
of 1X SDS-buffer (1% SDS; 10 itim Tris, pH 6.8; 10% 
glycerol), incubated for 10 min at room temperature, and 
then 300 ^l of 10 mM Tris (pH 8.0) was added and the 
contents were mixed thoroughly by repeat pipetting. For 
scintillation counting, 400 /tl of sample was mixed with 3.5 
ml CytoScint (ICN Biochemicals, Inc., Costa Mesa, CA) 
and counted for 1 min in the Beckman LS-6000 sc scintil- 
lation counter (Beckman Coulter, Inc., Fullerton, CA). Pro- 
tein concentrations were determined by BCA assay (Pierce 
Chemical Co., Rockford, IL). The specific binding was nor- 
malized to the amount of total protein in the sample. The 
data was plotted and T1/2 calculated using the software 
Prism 3 (GraphPad Software, Inc., San Diego, CA). 
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